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Editor: D. BarceloAbandonment of agricultural land leads to several consequences for ecosystem functions. Agricultural abandon-
ment may be a signiﬁcant and low cost strategy for carbon sequestration and mitigation of anthropogenic CO2
emissions due to the vegetation recovery and increase in soil organic matter. The aim of this study was to:
(i) estimate the inﬂuence of different Soil Regions (areas characterized by a typical climate and parent material
association) and Bioclimates (zones with homogeneous climatic regions and thermotype indices) on soil organic
carbon (SOC) dynamics after agricultural land abandonment; and (ii) to analyse the efﬁciency of the agri-
environment policy (agri-environment measures) suggested by the European Commission in relation to poten-
tial SOC stock ability in the Sicilian Region (Italy). In order to quantify the effects of agricultural abandonment on
SOC, a dataset with original data that was sampled in Sicily and existing data from the literature were analysed
according to the IPCC (Intergovernmental Panel onClimate Change)methodology. Results showed that abandon-
ment of cropland soils increased SOC stock by 9.03 Mg C ha−1 on average, ranging from 5.4 Mg C ha−1 to
26.7 Mg C ha−1 in relation to the Soil Region and Bioclimate. The estimation of SOC change after agricultural
use permitted calculation of the payments for ecosystem service (PES) of C sequestration after agricultural
land abandonment in relation to environmental beneﬁts, increasing in thisway the efﬁciency of PES. Considering
the 14,337 ha of abandoned lands in Sicily, the CO2 emission as a whole was reduced by 887,745 Mg CO2.Keywords:
Land use change
Ecosystem service payment
Semiarid environment
Soil organic carbon
421A. Novara et al. / Science of the Total Environment 576 (2017) 420–429Therefore, it could be concluded that abandoned agricultural ﬁelds represents a valid opportunity to mitigate ag-
riculture sector emissions in Sicily.
© 2016 Elsevier B.V. All rights reserved.1. Introduction
Worldwide land use changes are altering the fate of landscapes, and
land abandonment is one of the processes responsible for these changes
(Arnáez et al., 2015; García-Ruiz and Lana-Renault, 2011;
Parras-Alcántara et al., 2013). Land abandonment has occurred mainly
in developed countries as a consequence of the intensiﬁcation of agri-
culture and the reduction of the agriculture land necessary to feed the
population (Alonso-Sarría et al., 2016; Kou et al., 2016). This is mainly
found in Europe,where numerous research studies have beenpublished
(Hatna and Bakker, 2011;MacDonald et al., 2000). This abandonment is
most extensive and studied in the European Mediterranean belt
(Plieninger et al., 2014; Romero-Díaz et al., 2016; Sheffer, 2012), and
most of the research focuses on the mountainous regions that were
abandoned as a consequence of the low income and loss of population
(Lasanta et al., 2015a). The abandonment of land not only results in
changes to the soil system, but also in the hydrological cycle and fauna
and ﬂora resources (Dixon-Coppage et al., 2005; de Araújo et al.,
2015; Keesstra et al., 2016).
Agricultural land abandonment was the most important change in
Mediterranean ecosystems over the last centuries and probably no
other change in land use has been more important since the expansion
of agriculture from the eastern to the western Mediterranean ten
millennia ago (Petanidou et al., 2008; Rühl et al., 2005). Abandonment
of agricultural land leads to several consequences for ecosystem func-
tions and ecosystem service beneﬁts (Cammeraat et al., 2010; Lasanta
et al., 2015a; Parras-Alcántara et al., 2016; Rey Benayas et al., 2007).
On the other hand, abandonment may be a signiﬁcant and low cost
strategy for C sequestration and mitigation of anthropogenic CO2 emis-
sions (Post and Kwon, 2000). Abandonment in Mediterranean ecosys-
tems results in the recovery of vegetation (Lasanta et al., 2015b;
Molinillo et al., 1997; Nadal-Romero et al., 2016), changes in water
and sediment discharges (Keesstra, 2007; López-Vicente et al., 2016),
soil erosion reduction (García-Ruiz and Lana-Renault, 2011), and in-
creased biodiversity in the initial stages of plant succession
(Suárez-Seoane et al., 2002; Zaravali et al., 2007).
Depletion of soil C occurs within the ﬁrst few decades of agricultural
practices (Fernández-Romero et al., 2014;Murty et al., 2002), but sever-
al years are necessary for soil C recovery after agriculture abandonment
(Alberti et al., 2008; Rühl et al., 2015). Agricultural soils are a source of
CO2 emission around the world, and this is accompanied by misman-
agement that results in high erosion rates, soil aggregate loss, low inﬁl-
tration rates, and changes in the soil biota (Bruun et al., 2015;
Choudhury et al., 2016; de Moraes Sá et al., 2015; de Oliveira et al.,
2015; Frossard et al., 2016; Gelaw et al., 2015; Leifeld and Mayer,
2015). The impact of CO2 on global warming has resulted in a growing
interest in reducing emissions and increasing sequestration, and soil
can be a good sequestration option under appropriate management
(Carr et al., 2015; Ferreira et al., 2016; Hu et al., 2015; Hombegowda
et al., 2016; Poeplau et al., 2016).
Rates of change in soil C following agricultural land abandonment
have been estimated through chronosequence studies, comparing soil
C in sites with long term agricultural land abandonment (SOC steady
state) with adjacent agricultural ﬁelds (DeGryze et al., 2004; Del
Galdo et al., 2003; La Mantia et al., 2013; McLauchlan, 2006; Novara
et al., 2014, 2013; Rühl et al., 2015; Saiano et al., 2013). The
chronosequence approach is frequently used to evaluate plant succes-
sion after disturbance, comparing sites that differ only in time since ag-
ricultural abandonment (Novara et al., 2014; Rühl et al., 2005). The
climatological gradient approach is also applied in soil science,hydrology and geomorphology (Campos et al., 2014; Cerdà, 1998a;
Lozano-García et al., 2016; Parras-Alcántara et al., 2015).
The potential and the rate of C sequestration due to agricultural land
abandonment varies widely (Post and Kwon, 2000), depending on soil
and climate characteristics of sites that result in differences in vegeta-
tion succession, ranging from the development of prairie to forests
(Alberti et al., 2011; La Mantia et al., 2013; Rühl et al., 2015; Van Eerd
et al., 2014). Soil C accumulation is strongly dependent onmanagement
strategies and therefore land use decisions can change the fate of SOC
stocks (Novara et al., 2012; Teshome et al., 2014). Over the last few de-
cades, substantial areas of the European Union, particularly the south-
ern regions, have been affected by agricultural land abandonment
(Renwick et al., 2013) due to the loss of productivity and/or to obtain
payment for environmental purposes. In particular, the abandonment
process was supported by the introduction, since the late 1980s, of agri-
cultural policymeasures designed to reduce crop production in a period
of structural surpluses. According to these regulations, member states
were obliged to implement a national program including a list of mea-
sures included in article 2, amongwhichwas the introduction of agricul-
tural land abandonment for at least 20 years. Farmers who withdrew
agricultural land from production received a subsidy over those twenty
years to compensate them for the income loss. Very few empirical stud-
ies have assessed the impact of abandonment on the environmental
side (Hodge et al., 2006), most of the research has focused on the socio-
economic approach and on the farmer and stakeholder's perceptions
(Pereira et al., 2016). The rationale used to promote abandonment
was strongly based in environmental ideas to promote afforestation, re-
duce soil losses, and restore degraded soils (Cerdà, 1997). In this con-
text, exploring the relationships between the implementation of
agricultural land abandonmentmeasures and their environmental ben-
eﬁts helps in assessing the efﬁciency of this political instrument. There
are substantial limitations in knowledge of the effect of agricultural
land abandonment on soil C sequestration and a long-term study is re-
quired to determine the pattern and rate of C sequestration across a full
chronosequence after agricultural land abandonment.
According to a large chronosequence survey and the available biblio-
graphic data, the aim of this study was: (i) to evaluate the effect of dif-
ferent Soil Regions and Bioclimates on soil C dynamics after agricultural
land abandonment; and, (ii) to study the efﬁciency of the Agro Environ-
mental Measures (AEM) in the Sicilian Region in relation to potential
SOC stock.
2. Materials and methods
2.1. Study sites
In order to quantify the effects of agricultural land abandonment on
SOC a dataset composed of original data sampled at different sites in Sic-
ily (24 sites) and existing data collected from the literature (12 sites)
was analysed. SOC dynamics in secondary succession areas (Alberti
et al., 2011; La Mantia et al., 2013; Rühl et al., 2015) is strongly inﬂu-
enced by soil and climate, consequently the dataset was subdivided
into: i) three bioclimatic groups (1. thermo-Mediterranean, 2. meso-
Mediterranean, 3. supra-Mediterranean), representing the most typical
bioclimatic belts occurring in Sicily; and, ii) four different Soil Regions
(SR), named 1, 2, 3 and 4 (Fig. 1). The Soil Regions are areas character-
ized by a typical climate and parent material association (Costantini
et al., 2004, 2013).
The classiﬁcation proposed by Rivas-Martínez (Rivas-Martinez,
1994; Rivas-Martínez and Loidi Arregui, 1999) was used to designate
Fig. 1. Soil Regions in Sicily and Bioclimates. Bullets represent sampling points. The graphs represent the area (ha) of each bioclimatic group within the four soil regions.
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climate classiﬁcation that subdivides the climate according to homoge-
neous climatic regions (Mediterranean for example) and thermotype
indices. The thermotype index (tI) was calculated as follows:
tI ¼ TþMþmð Þ  10 ð1Þ
where T is the yearly average temperature, m is the average minimum
temperature of the coldest month(s) of the year, and M is the average
maximum temperature of the coldest month(s) of the year.
2.2. Soil sampling data
Soil sampleswere collected at siteswhere different stages of second-
ary successionwere present.Within all bioclimatic belts, we deﬁned the
following land use classes as successional stages: i) Ag = cultivated
areas; and, ii) Ab = grasslands dominated by perennial grasses. The se-
lected abandoned stages had reached C steady state equilibrium, be-
cause in these stages of the secondary succession the
phytosociological relief showed equilibrium of the community. The
supra-Mediterranean bioclimatic group was not present in SRs 3 and 4
(Fig. 1). Soil was sampled according to the protocol of the ItalianNation-
al Inventory of Forests and Forest Carbon pools (Gasparini et al., 2008).
After litter removal, mineral soil samples were collected at 0–30 cm
depth using a 680-cm3 cylinder. For each site and successional stage,
three replicates were collected. The soil samples were passed through
a 2 mm sieve, air dried, then analysed for C content using a CHN-
Elemental Analyzer. SOC content was expressed as a percentage (g of
C per 100 g of dry soil × 100) and converted to Mg per hectare using
bulk density (BD) and soil depth (Blake and Hartge, 1986).
2.3. Literature data selection
Existing data from the SOC literature for Sicilian sites was screened
for successional stage, bioclimatic group, and Soil Region. Data were
taken during previous research carried out by Rühl et al. (2015). All
data were indicated to the 30 cm depth. In some cases, BD was notmeasured, but was calculated (BDcalc) according to Post and Kwon
(2000).
BDcalc ¼ 100=
SOM
10
0:224
0
B@
1
CAþ 100− SOM
10
 
=1:64
 
2.4. IPCC methods
The IPCC (Intergovernmental Panel on Climate Change) (2006)
method has been used to evaluate SOC stock changes, consequent to
the adoption of different agricultural land uses and management, in
support of national GHGs inventories according to the UN Framework
Convention on Climate Change. The adopted method evaluates SOC
stock changes for the top 30 cm of a mineral soil proﬁle over the ﬁrst
20 years following changes in land use and land use management
(VandenBygaart et al., 2004). For the present study, changes between
cultivated croplands and uncultivated land, such as grasslands, have
been analysed.
SOC inventory calculations were carried out for aggregated soil re-
gions of Sicily.
Soil C stock change (ΔSOC) was calculated as follows:
ΔSOC ¼ SOCt–SOCt−20ð Þ  AÞ=years ð2Þ
where SOCt-20 and SOCt are the soil carbon stock at the start and after
20 years of the inventory period (Mg C ha−1), respectively, and A is
the area (ha) (IPCC, 2006). SOCt − 20 corresponds to reaching C steady
state during the stage of succession, as conﬁrmed by phytosociological
relief.
SOC (Mg C) was estimated using the equation:
SOC ¼ SOCref Mg  Fi  LUC  LA ð3Þ
where SOCref is the reference SOC stock (Mg C ha−1), Mg is the man-
agement factor (dimensionless), Fi is the stock change factor for the
input of organic matter (dimensionless), LUC is the land use change fac-
tor (dimensionless), and LA is the land area (ha) (IPCC, 2006).
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disturbed native ecosystems. This approach was modiﬁed, according to
Ogle and Breidt (2003), to use conventionally managed cropland as the
reference (SOCref) instead of native conditions. In fact, SOC stock mea-
surements are more reliable in soils under cultivated than natural con-
ditions and agriculture management must be considered the reference
SOC (SOCref). Therefore, in this study SOC under a long-termagriculture
system (SOCag) corresponds to SOC under native condition (SOCref).
2.5. Data calculation
For each Soil Region (i), the IPCC factor (IPCCf)was calculated as fol-
lows:
IPCCfi ¼ SOCabi=SOCagi ð4Þ
And for each Bioclimate (j), the IPCC factor (IPCCf) was calculated as
follows
IPCCf j ¼ SOCabj=SOCagj ð5Þ
where SOCab is the SOC content in the abandonment stage and SOCag is
the SOC content in the agricultural cultivation stage. In the speciﬁc case
of the abandonment processes, IPCCf was mainly affected by the LUC
factor, considering the Mg and Fi factors equal to 1.Fig. 2. Framework for IPCCThen:
SOCabi ¼ SOCagi  IPCCf i ð6Þ
and Bioclimate effect (j) over Soil Region (i) was calculated:
SOCabj ¼ SOCagj  IPCCf j ð7Þ
After normal distribution of IPCCfi and IPCCfj, calculated on experi-
mental data, the IPPCf in a speciﬁc Bioclimate of a Soil Region (IPCCfij)
was calculated using Eq. (8)
IPCCf ij ¼ IPCCf↓I þ ðIPCCf j  IPCCf↓ j–xIPCCf↓ j
 
= xIPCCf↓ j
  ð8Þ
where xIPCCfj is the IPCCf calculated for each bioclimate over a given
Soil Region.
2.6. Uncertainty analysis and assumptions
Uncertainties were estimated using a Monte Carlo approach accord-
ing to the IPCC method (IPCC, 2006) (Fig. 2). The probability density
functions (PDFs) were determined by the standard error estimation.
In this study, we simulated 10,000 estimates of soil C stock changes
using the IPCCmodel and then summed the outputs of each run to pro-
duce an empirical distribution of 10,000 SOC changes for each Soiluncertainty analysis.
424 A. Novara et al. / Science of the Total Environment 576 (2017) 420–429Region (i) and Bioclimate (j). From these results, we estimated a 95%
conﬁdence interval for the change rate of SOC as the descriptor of
uncertainty.
PDFs were truncated at 0 Mg C ha−1 and 150Mg C ha−1 respective-
ly. A sensitivity analysis was also performed to highlight contribution of
the input to the variance output. This analysis was carried out using
SPSS software (IBM, 2010).
2.7. Estimate of effectiveness of Premia scheme
Thewithdrawal of agricultural land for environmental purposeswas
an agro-environmental measure supported under the Rural Develop-
ment Plan (RDP) of Sicily with the aim of safeguarding semi-natural
areas and agricultural habitats favourable to wildlife and wild ﬂora.
The axe 2 of the RDP includes the agricultural measure 214 “Agri-
environment payments” in order to ensure sustainable agricultural
land use through the adoption of appropriate agricultural management
practices. This measure also includes two actions, the F4A action (with-
drawal of arable land for environmental purposes) and the Fmeasure of
Regulation 2078/92. At the end of December 2013 the surfaces regulat-
ed by these two actions amounted to 5271 ha (F4A RDP 2000–2006)
and 8796 ha (Measure F 2078/92), respectively (Regione Siciliana,
RAE, 2015). The annual premiumobtained by farmers following the im-
plementation of the abandonment measure shifted from 738.02 €
(Measure F, Regulation 2078/92) to 600 € ha−1 year−1 (Measure F4A,
RDP 2000–2006) to 320 € ha−1 year−1 (Measure 214, RDP 2007–
2013). The premium calculation was estimated based on cost incurred
and income foregone by the farmers who joined the agri-
environmental measures, and in some circumstances an incentive pay-
ment of up to 20% may be paid.
In this work, the effectiveness of premiums was assessed through
data acquisition on environmental beneﬁts and by employing a budget
following the land abandonment measure. According to Galati et al.
(2016), the effectiveness of premiums (EP) indicates that the amount
of SOC sequestered per Euro per hectare (Mg C €−1 ha−1) could be cal-
culated as follows:
EP ¼ Premia=ΔSOCij ð9Þ
where, ΔSOCij, is the SOC sequestered in the ﬁrst stage of succession
after agricultural land abandonment for each Bioclimate (j) in a speciﬁc
Soil Region (i), and is calculated as follows:
ΔSOCij ¼ SOCag  IPCCij−1
  ð10Þ
Taking into consideration that the Ep changes with respect to the
type of bioclimatic belt, the total budget of the land abandonment mea-
sure was redistributed at the regional level in relation to ecosystem ser-
vice (carbon sequestration) as follows:
PESij ¼ REP=EPð Þ  Premia ð11ÞTable 1
Average SOCag, SOCab and IPCCf calculated for the four Soil Regions and the three Bioclimates.
both SOCag and SOCab.
SOCag
Mg ha−1 sd df Best distribution
Soil Region
1 47.3 14.6 27 Lognormal
2 39.8 10.5 17 Weibull
3 27.9 5.7 28 Weibull
4 35.2 8.2 36 Weibull
Bioclimate
Thermo 16.7 8.7 39 Normal
Meso 42.7 14.1 46 Normal
Supra 54.5 22.3 22 Weibullwhere REP, which represents the payment efﬁciency at the regional
level, is given by,
REP ¼ ΔSOCR=Total Budget ð12Þ
where ΔSOCR is the total SOC sequestered over all Soil Regions and the
total budget is the budget provided by the regional government for this
speciﬁc measure.
3. Results and discussion
3.1. SOC stock and SOC after abandonment in each Soil Region and
Bioclimate
SOCag stocks were computed for each Soil Region and Bioclimate
type using a survey and bibliographic data for a 30 cm soil depth.
SOCag values ranged from 27.9 Mg ha−1 in SR3 to 47.3 Mg ha−1 in
SR1 (Table 1, Fig. 3). SOCag was strongly affected by the type of
Bioclimate, increasing from 16.7 Mg ha−1 in the thermo-
Mediterranean to 54.5Mg ha−1 in the supra-Mediterranean Bioclimate.
The impact of climate on soil development, runoff generation, soil ero-
sion, and plant cover is well-known (Anaya-Romero et al., 2015;
Buendia et al., 2016; Cerdà, 1998b; Ochoa et al., 2016), but little is
known about its impact on soil organic carbon, and this is why the re-
sults shownhere shed light into the environmental impact of land aban-
donment. Our ﬁndings conﬁrm the results of other investigations that
are summarised in Köchy et al. (2015a, 2015b) and quantiﬁed by
Pabst et al. (2016) in Africa or by Willaarts et al. (2016) in the
Mediterranean.
SOCab increased in comparison to SOCag for all Soil Regions. The ef-
fect of abandonment on SOC change was higher in thermo- than in
meso- and supra-Mediterranean bioclimates (Table 1, Fig. 4). Land
abandonment favours the recovery of vegetation cover and the reestab-
lishment of soil processes that contribute to restoration of soil proper-
ties (Cerdà et al., 2014). This leads to reduction of soil erosion,
increased inﬁltration rates, soil biological activity, and biomass and en-
hanced plant diversity. The acceleration of the biological and hydrolog-
ical cycles after land abandonment results in recovery of soil carbon
stocks as found by other studies when land was abandoned (Brevik
and Lazari, 2014), forests were transformed into crops (Wasak and
Drewnik, 2015), or when degraded rangelands were restored (Zucca
et al., 2016). There is a positive interaction in the soil system after aban-
donment that favours the recovery of the biota (fauna and ﬂora) follow-
ed by litter and organic matter, which ﬁnally improves soil quality and
as a consequence the diversity and mass of the biota (Certini et al.,
2015; Chen et al., 2016; Frouz, 2016).
Among climate factors, precipitation is most frequently considered
as one of the principal factors affecting SOC changes after land use
change (Alberti et al., 2011; Guo and Gifford, 2002). Precipitation im-
pacts the net primary production (NPP) and consequently the inputs
of organic matter to the soil. Similar to our ﬁndings, Gabarrón-GaleoteStandard deviation (s.d), degrees of freedom (df), and best-ﬁt distribution are reported for
SOCab IPCCf
Mg ha−1 sd df Best distribution
52.9 16.6 27 Gamma 1.12
45.1 10.7 17 Weibull 1.13
34.6 3.8 28 Weibull 1.24
50.7 14.0 36 Lognormal 1.44
25.6 9.3 39 Normal 1.53
44.8 15.9 46 Normal 1.05
55.9 29.7 22 Weibull 1.10
Fig. 3. Soil organic carbon stock variability (Mg ha−1) under agricultural (ag) and abandoned (ab) land use for the Soil Regions.
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change after abandonment; their results showed an increase at thewet-
test site (precipitation N 650 mm), while there was no SOC gain at the
driest sites (precipitation b 450 mm). Climate has also been found to
exert control on soil organic carbon stocks and rainfall level is the key
factor controlling organic carbon accumulation and shows similar re-
sults to the geomorphological response found under different climates
(Cerdà, 1998a).3.2. IPCC factors
Results showed that land use change from cultivated croplands (ag)
to grasslands (ab) increased SOC stocks in the top 30 cm of the soil by a
factor of 1.23 (average of all paired sites); this represented a 23% in-
crease in overall SOC stock. The positive use of grasslands to restore de-
graded land and recover soil organic matter stocks has also been found
in other regions, and the grasslands are very efﬁcient even under graz-
ing pressure (Lu et al., 2015; Orgill et al., 2016). The four Soil Regions
were characterized by different IPCC factors (IPCCfi) related to agricul-
tural abandonment that ranged from 1.12 to 1.44 in SR1 and SR4, re-
spectively (Table 1). The thermo-Mediterranean climate showed the
highest values while the supra-Mediterranean Bioclimate showed the
lowest values of IPPCfj. Higher C stocks have been recorded in moist
and cool temperate regions than in dry and warm temperate regions
(Alberti et al., 2011). The IPCC factors for each type of Bioclimate and
each Soil Region are shown in Table 2. As expected, the new IPCCfij, cal-
culated according to Eq. (8), showed on average values for both Soil Re-
gions and Bioclimates very close to IPCCfi and IPCCfj.Fig. 4. Soil organic carbon stock variability (Mg ha−1) under agricultu3.3. Regional SOC sequestration and sensitivity analysis
After neglecting cropland soils, the SOC sequestered (ΔSOC) in Sicil-
ian soils increased on average of 9.03 Mg C ha−1, ranging from
5.4 Mg C ha−1 to 26.7 Mg C ha−1 depending on Soil Region and
Bioclimate (Table 3). Considering the 14,337 ha of abandoned lands,
the CO2 emissions as a whole were reduced by 887,745 Mg CO2
(Table 3).
The highest rate of increase in SOC occurred in SR4, followed by
SR3, due to the combination of a high sequestration rate and area
distribution. Among bioclimates, the thermo-Mediterranean
Bioclimate sequestered the highest amount of CO2 (759,504.7 Mg
CO2) due to the highest rate of SOC sequestration and area distribu-
tion (9509 ha) (Table 3). About 70% of the abandoned area was in
the thermo-Mediterranean Bioclimate, whereas 21% and 9% fell
within themeso- and supra-Mediterranean Bioclimates, respective-
ly (Table 3).
Sensitivity analysis indicated that uncertainty in the thermo-
bioclimate contributed almost 6% of the variability in the output as com-
pared to about 10 and 13% contributions from the meso- and supra-
bioclimates (Fig. 5). According to our ﬁndings, it is clear thatmore effort
is needed in order to minimize the uncertainty of the input coefﬁcients.
This could be obtained by increasing the surveys in Sicily and by im-
proving our sampling methods.
The SR4 showed about 44% of variance contribution to the total soil C
change due to abandonment processes on the island even in the ab-
sence of supra areas, while SR2, including all Bioclimate typology, con-
tributed only 24%. The other Soil Regions (3 and 1) were only
involved in 10% of soil C change.ral (ag) and abandoned (ab) land use for the three Bioclimates.
Table 2
Calculated IPCCfij factors and interactions between Soil Regions and Bioclimate according
to Eq. (8); sd = standard deviation.
Bioclimate Soil Region
1 2 3 4
IPCCfij Sd IPCCfij sd IPCCfij sd IPCCfij sd
Thermo 1.50 0.16 1.51 0.24 1.52 0.158 1.72 0.10
Meso 0.97 0.28 0.98 0.32 1.04 0.33 1.24 0.21
Supra 1.01 0.30 1.02 0.46 – – – –
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The impact of subsidies from the European Union onMediterranean
agriculture are relevant to understand changes in agricultural manage-
ment (Shelef et al., 2016), but there are also environmental impacts
such as changes in the hydrologic cycle and alterations in soil organic
matter and biota that need more research (Bisantino et al., 2015; de
Araújo et al., 2015). The effectiveness of the premiums, calculated as
the rate between the overall value of payments obtained by the farmers
over twenty years (Eq. (9)) and the SOC sequestered in the same period,
showed that the value of C sequestered changed in relation to the
Bioclimate in each speciﬁc Soil Region (Fig. 6, blue line). Due to the
wide variability of potential C sequestration in the four Soil Regions
and Bioclimates, the value of C sequestered (€ C Mg−1) ranged from
590.61 € C Mg−1 for the farm located in the thermo bioclimate of SR4,
to 3032.54 € CMg−1 in themeso bioclimate in SR2. The different values
observed show that the adoption of an egalitarian fairness criterion,
(equal distribution of payments (red dotted line, Fig. 6) among all pro-
viders independent of the level of ecosystem service provision, leads to
an unfair distribution of premiums. Therefore, in order to ensure an eq-
uitable distribution of the premiums in relation to the ecosystem service
provided, the total budget of the set-aside measure was redistributed
taking into account the changes of EP in the different bioclimatic
areas. According to this criterion the value of C sequestered is constant
and in our case study is equal to 1746.31 € C Mg−1 ha−1 (Fig. 6, blue
dotted line) and the amount of total budget for twenty years of the
set-aside measure ranged from 9080.82 € for the land user who pro-
duced low C sequestration levels (5.2 Mg C ha−1) to 46,626.54 € for
the land user who produced high C sequestration levels
(26.7 Mg C ha−1) (Fig. 6, red line).Table 3
SOC change (ΔC) after agricultural land abandonment and long term prospective following the
Soil Region Bioclimate ΔC Area
(Mg ha−1) (ha) (under
1 Thermo 8.4 453
Meso 5.4 262
Supra 5.7 112
2 Thermo 8.0 721
Meso 5.2 300
Supra 5.4 103
3 Thermo 10.2 510
Meso 7.0 150
Supra – –
4 Thermo 26.7 7825
Meso 8.3 3912
Supra – –
Total 14,348
Thermo 14.4 9509
Meso 6.3 4624
Supra 5.6 215New approaches might be investigated aimed at achieving a better
payment efﬁciency and differentiating payment levels, following proce-
dures for the provisioning of environmental services or/and introducing
an ecosystem service payment. In this case study, premia calculations
usually considered variable costs or income forgone resulting from
agri-environmental program agreement.
Payment levels based on regional averages result in simplicity and
low administrative costs, but create infra-marginal producer rents.
However, the effectiveness of agro-environmental measures is site spe-
ciﬁc and the consideration of several factors should be taken into ac-
count: i) agro-environmental scheme introductions must be site
speciﬁc to ensure the highest response to local conditions; ii) agro-
environmental payments can create good results together with less
favoured area (LFA) payments with particular attention to combating
land abandonment and marginalisation; iii) because the effect of the
agro-environmental measures is heterogeneous, variable and complex,
their evaluation requires a long-term study approach.
3.5. Implications for management
The quantiﬁcation of the potential for and rates of C sequestration
across Sicilian climatic regions aids in predicting the sequestered C
stock in abandoned agricultural land at a larger scale. Overall, although
there are numerous uncertainties, the knowledge of the inﬂuences of
land-use change on SOC could contribute to future modelling work,
which will require both a mechanistic understanding of C cycling as
well as data for calibration. The adoption of agro-environmental mea-
sures promoted by the European Commission and transposed by the Si-
cilian Region was very effective for soil C sequestration and the
perspective seems to be interesting regarding implications for Kyoto
Protocol reporting.
Total emissions of GHGs from the agricultural sector in Sicily in 2000
were about 0.7 ∗ 109 kg CO2eq (Beccali et al., 2007). The CO2 stored in
abandoned cropland (44,387 Mg CO2 year−1; Table 3) as determined
in this analysis represents an offset of about 6% of the annual emissions
attributed to agriculture in Sicily. Some aspects, however, assume great
importance for planners: i) what measures could be taken when the
abandonment period lasts longer than planned and the succession con-
tinues to maquis, and potentially turn into woods; ii) how to consider
the effects of secondary succession on biodiversity; iii) how to handle
any rehabilitation of agriculture; and iv) how the abandonment willapplication of agri-environmental measures in the Sicilian region.
Agricultural land abandonment
CO2
AEM) (Mg) (Mg
ha
−1 year−1)
(Mg year−1)
12,937.7 1.4 646.9
4838.8 0.9 241.9
2153.8 1.0 107.7
19,618.6 1.4 980.9
5297.9 0.9 264.9
1893.2 0.9 94.7
17,659.1 1.7 883.0
3553.7 1.2 177.7
– – –
709,289.3 4.5 35,464.5
110,503.0 1.4 5525.2
– – –
887,745.1 15.3 44,387.3
759,504.7 4.5 2510.8
124,193.4 3.0 684.5
4047 1.9 202.3
Fig. 5. Contributions of variable inputs of the model to the output of Monte Carlo analysis for Sicily. Vertical lines are the average contribution of Bioclimate.
427A. Novara et al. / Science of the Total Environment 576 (2017) 420–429affect the forestﬁre regimeand if thiswill reduce or increase soil organic
matter content.
Regarding secondary succession impacts on biodiversity, the aban-
doned agricultural land will advance to forms of arboreal vegetation,
maximizing the beneﬁts related to C storage. This would suggest that
the community should take the responsibility to reward those farmers
for decades of abandonment or encourage alternative approaches of ex-
ploitation, such as through the sale of C credits certiﬁed by the public
body that carries out the surveys. Closely connected with this aspect is
the management of biodiversity, in fact, in the Mediterranean rare or
endangered species are linked to open spaces, including agricultural or
natural grasslands (Pasta and La Mantia, 2013). For this reason, the
maintenance of the prairie stage would allow maximization of beneﬁts
in terms of biodiversity but also in the proportion of C in the soil. To as-
sess how tomanage a possible rehabilitation of agriculture to avoid los-
ing soil C, accurate experimental data or partial data on this aspect are
necessary. More research is also needed into the role forest ﬁres will
play in the C cycle and vegetation recovery (Hedo et al., 2015; Shaw
et al., 2016).
Abandoned agricultural ﬁelds represent a valid opportunity to miti-
gate agricultural sector emissions in Sicily. Further studies should beFig. 6. Effectiveness of premiums and PES in relation to sequestered SOC.carried out to promote agro- ecological systems. Considering the ﬁnd-
ings of this study, payments should be diversiﬁed based on site-
speciﬁc characteristics. Moreover, the estimated potential SOC seques-
tration, through the use of speciﬁc IPCCfij, could aid the prediction of
the true value of the ecosystem services furnished by abandoned agri-
cultural lands as suggested by agro-environmental measures and addi-
tionally to estimate the PES more accurately. To quantify the effects of
agricultural land abandonment on SOC and to evaluate the efﬁciency
of payments delivered by the abandonment measure, a dataset created
by combining original data sampled in various Sicilian sites and litera-
ture data was analysed. For its size and great pedoclimatic variability,
Sicily can be considered quite representative of most of the Mediterra-
nean countries. Sicily is an island with a unique environmental history,
and can be used as a laboratory to quantify the impact of land abandon-
ment on carbon dynamics and themethodology and the ﬁndings can be
exported to other regions (Galati et al., 2016; Smith et al., 2015).4. Conclusions
The abandonment of agricultural land in the Mediterranean belt
contributes to increased soil C stocks. This was found under different
bioclimatic and Soil Regions and allowed us to evaluate the efﬁciency
of the agro environmental measures undertaken in Sicily. Our calcula-
tions show that the abandonment of cropland soils increased SOC
stock an average of 9.03 Mg C ha−1, ranging from 5.4 Mg C ha−1 to
26.7 Mg C ha−1. This dataset permitted us to determine the payments
for the C sequestration ecosystem service after agricultural land aban-
donment. In Sicily, and due to the land abandonment, the CO2 emissions
were reduced by 887,745Mg CO2, and this demonstrated that abandon-
ment is a key strategy to mitigate greenhouse gas emissions and ﬂight
against climate change.Acknowledgement
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